Abstract: Nanostructured bainite is a novel ultra-high-strength steel-concept under intensive current research, in which the optimization of its mechanical properties can only come from a clear understanding of the parameters that control its ductility. This work reviews first the nature of this composite-like material as a product of heat treatment conditions. Subsequently, the premises of ductility behavior are presented, taking as a reference related microstructures: conventional bainitic steels, and TRIP-aided steels. The ductility of nanostructured bainite is then discussed in terms of work-hardening and fracture mechanisms, leading to an analysis of the three-fold correlation between ductility, mechanically-induced martensitic transformation, and mechanical partitioning between the phases. Results suggest that a highly stable/hard retained austenite, with mechanical properties close to the matrix of bainitic ferrite, is advantageous in order to enhance ductility.
Nanostructured Bainite: Heat-Treatments and Microstructure
There is an increasing interest in nanocrystalline steels because of their unique mechanical properties, achieving ultra-high strength while maintaining good values of ductility [1, 2] . However, the manufacture of nanocrystalline steels is frequently very cost-consuming, involving the addition of expensive alloying elements, severe plastic deformation or complex thermomechanical routes in order to obtain the desired refinement of the microstructure during the material processing. A new generation of steels, nanostructured bainitic steels, is one promising solution because of the simplicity in terms of alloy design and processing. On the one hand, they are low-alloyed steels, with a typical chemical composition range being: (0.6-1)C-(≥1.5)Si-(0.7-2)Mn-(0.4-1.7)Cr-(0-0.2)Mo wt % [3] . On the other hand, the heat treatment consists of complete austenitization followed by isothermal holding at temperature T as low as T/T m < 0.25, where T m is the absolute melting temperature. The transformation itself leads to the nanocrystalline structure without further technological efforts, and has received much attention in recent years [4] [5] [6] [7] . These novel microstructures have achieved the highest strength-toughness combinations ever recorded in bainitic steels (2.2 GPa-30 MPa·m 1/2 ) [8] [9] [10] [11] .
The microstructure of nanostructured bainite consists basically of two phases: a hard matrix of bainitic ferrite and a carbon-enriched retained austenite, the second dispersed phase. It is characterized by the lack of coarse precipitates of cementite, due to the addition of Si with resulting content of near characterized by the lack of coarse precipitates of cementite, due to the addition of Si with resulting content of near 1.5 wt %, and by the absence of martensitic islands in the initial microstructure, both detrimental to the mechanical properties. The typically high C bulk content in nanostructured bainitic steels, resulting in a decrease of the bainitic transformation temperature down to 200-300 °C, is the main reason for the formation of plates of bainitic ferrite with a thickness of some tens of nanometers. Even though the growth of bainitic ferrite is not controlled by any diffusive process, temperatures at which the bainitic transformation typically takes place are high enough to allow C atoms to diffuse. Therefore, soon after the diffusionless growth of a bainitic ferrite plate is completed, C, which is in excess in solid solution, is expelled into the retained austenite [3, 12] . This enrichment of austenite in C in solid solution after the bainitic transformation, ranging from 0.5-1.5 wt %, is responsible for the reduction of the martensitic start temperature, Ms, below room temperature. Thus, austenite remains untransformed, having two very distinguishable morphologies: thin films trapped between the plates of bainitic ferrite and coarser blocks [13] [14] [15] , Figure 1a ,b.
The heat treatment settings have a great influence on the scale and the nature of the initial microstructure. The increase of the bainitic formation temperature leads to a coarser microstructure, as can be seen by comparing the microstructures in Figure 1 (the same steel treated at two different temperatures, 250 °C and 350 °C) [15] , which can be characterized by morphological parameters such as the bainitic ferrite plate thickness and the austenite block/film size. In addition, due to the transformation mechanisms, higher transformation temperatures result in higher retained austenite contents. Figure 1 . Secondary-electron scanning electron micrographs (SE-SEM) of two nanostructured bainites from the same steel, with chemical composition in reference [15] , treated at 250 °C (a) and 350 °C (b). γ stands for austenite, and α PT, for bainitic ferrite plate thickness.
A combined study using three different techniques, atom probe tomography (APT), X ray diffraction (XRD) and high-resolution transmission electron microscopy (HR-TEM) was performed in order to get a new insight into the placement of C in nanostructured bainite, and its correlation with the bainitic ferrite crystal structure [16] . Different alloys were studied, after treatments at different temperatures or with holding times equal and longer than strictly necessary for the bainitic transformation; and also adding in some cases a subsequent tempering stage. This work indicated that as the bainitic transformation temperature increases there is a significant reduction of the C content in the defect-free solid solution of the bainitic ferrite. The calculated C concentration of bainitic ferrite in samples from different alloys treated between 220 °C and 300 °C were reported to range between 0.19 wt % (0.88 at %) and 0.16 wt % (0.71 at %), according to XRD. It showed an excellent level of agreement when compared with those measured by APT. In the latter work, it was suggested from XRD results that a tetragonal bainitic ferrite structure, also observed by HR-TEM, allows these amounts of C to be accommodated, in the same way as in martensite [17, 18] . The tetragonality seems to be stronger as the bainitic transformation temperature decreases, and there is Figure 1 . Secondary-electron scanning electron micrographs (SE-SEM) of two nanostructured bainites from the same steel, with chemical composition in reference [15] , treated at 250 • C (a) and 350 • C (b). γ stands for austenite, and α PT, for bainitic ferrite plate thickness.
A combined study using three different techniques, atom probe tomography (APT), X ray diffraction (XRD) and high-resolution transmission electron microscopy (HR-TEM) was performed in order to get a new insight into the placement of C in nanostructured bainite, and its correlation with the bainitic ferrite crystal structure [16] . Different alloys were studied, after treatments at different temperatures or with holding times equal and longer than strictly necessary for the bainitic transformation; and also adding in some cases a subsequent tempering stage. This work indicated that as the bainitic transformation temperature increases there is a significant reduction of the C content in the defect-free solid solution of the bainitic ferrite. The calculated C concentration of bainitic ferrite in samples from different alloys treated between 220 • C and 300 • C were reported to range between 0.19 wt % (0.88 at %) and 0.16 wt % (0.71 at %), according to XRD. It showed an excellent level of agreement when compared with those measured by APT. In the latter work, it was suggested from XRD results that a tetragonal bainitic ferrite structure, also observed by HR-TEM, allows these amounts of C to be accommodated, in the same way as in martensite [17, 18] . The tetragonality seems to be stronger as the bainitic transformation temperature decreases, and there is a big reluctance of C to partition from defect-free solid solution in bainitic ferrite into the adjacent austenite during extended treatments or tempering [19, 20] . Besides this, there are important amounts of C deficit, undetectable to the XRD technique, which can be trapped at boundaries, at dislocations, or forming clusters, etc. Regarding the dislocations, the segregation of C at these defects within the ferrite phase, known as Cottrell atmospheres, can have a C concentration peak of 8 at %, and this C enriched region can extend 7 nm from the dislocation core [21] . The C deficit tends to decrease as the transformation temperature increases; it has been reported that a reduction from 0.39 wt % (1.7 at %) to 0.08 wt % (0.4 at %) for a steel treated at 220 • C and 350 • C, respectively, which was in good agreement with APT results. This indicates a stronger preference of C for being held in austenite in solid solution in samples treated at higher temperatures. It can even counteract the fact that a higher austenite fraction is available, resulting in higher austenite C contents as the treatment temperature increases.
Other interesting information that can also be determined from XRD analyses, by the double-Voigt approach, are the microstrain (ε micro_α ) and the crystallite size (CS) of bainitic ferrite. The CS is a measure of the smallest undistorted region (defect free) in a crystal, i.e., a coherently diffracting domain of bainitic ferrite. It is observed that the average volume-weighted crystallite size of the bainitic ferrite plates normally increases by several nanometers as the transformation temperature increases, while the measured microstrain decreases [16] , a behavior which is consistent with the bainitic transformation itself, the microstructure becoming thinner and with a higher dislocation density when the transformation temperature is lowered [3, 22] . The lower density of defects present in microstructures treated at higher temperatures, i.e., a more recovered bainitic ferrite, may be an indirect proof supporting the previous observations on C locations. In this sense, it seems that the amount of C deficit is higher in microstructures containing more C trapping sites, such as dislocations and other features.
It is important to highlight that although the initial nanobainitic structure is formed just by retained austenite and bainitic ferrite, the former phase can transform into martensite when mechanically loaded, therefore giving rise to an evolving complex microstructure. There is no agreement on whether this mechanically-induced transformation is stress-or strain-assisted for the case of nanostructured bainite. In the first situation, stress-assisted, martensitic nucleation would take place on the same heterogeneous sites responsible for the transformation on cooling. In the second situation, strain-assisted, martensitic transformation would take place thanks to the new nucleation sites being created; that is, prior plastic strain is necessary to trigger the martensitic transformation under this condition [23, 24] . The mechanical stability of austenite depends on both intrinsic and extrinsic parameters [25] . Intrinsic parameters are the chemical composition and the size/shape of the features. In these bainitic structures, the only alloying element whose content differs from one austenite feature to another is the C. In this sense, nanofilms of austenite are more enriched in C than submicron blocks of austenite [20, 26] . This fact, together with the size/shape heterogeneity, results in a distribution of the stability of austenite within one microstructure, the finest austenite features being the most stable [27] [28] [29] [30] [31] [32] . In addition, external factors such as the strength of the surrounding bainitic ferrite as compared to the austenite, and the relative phase fraction, play an important role in the stability of the retained austenite as well [33] [34] [35] [36] .
All the involved deformation mechanisms, which depend on the specific characteristics of the different nanobainitic structures, are relevant to the plastic deformation capability of this material. Extensive research has been carried out to understand the mechanisms and microstructural parameters that control the strength of nanostructured bainite, however studies on the correlation between them and the elongation values are more recent. It is the objective of this work to review the factors that affect the mechanical properties, putting the focus on ductility. Figure 2 shows the typical true strain-stress curves from tensile tests at room temperature, for two different nanobainitic structures [37] . Engineering tensile strain-stress curves of two nanostructured bainite samples from different steels, both containing 1C-1.5Si wt %, but steel in (a) having 2Mn wt % and steel in (b) having 0.9Mn-2.6Ni wt % instead. Adapted from reference [37] .
Mechanical Properties of Nanostructured Bainite
The yield strength of ferrite alone, YSα, is function of several parameters, summarized in the following expression [3, 38, 39 ]:
where σFe is the strength of pure annealed Fe; i ss σ is the solid solution strengthening due to the alloying element i; σc is the solid solution strengthening due to the C; Lα [μm] is the mean intercept line of the ferrite plate measured in a direction normal to the plate length; kp is a constant; Ω the distance between a carbide particle and the nearest two or three neighbors; and ρd the dislocation density.
In the case of bainitic ferrite, the main parameter influencing its strength, directly and indirectly, is the C content. The direct effect is accounted for by the term σc in equation 1, i.e., the strengthening of the phase by C in solid solution. The indirect effect is the refinement of the microstructure thanks to the decrease of treatment temperatures leading to nanostructured bainite. The low temperatures of bainitic transformation for nanostructured bainite are mainly a consequence of the high C contents of these steels. The term 1 115 α L  measures the strengthening due to this refinement of the bainitic ferrite plates. This is not the traditional Hall-Petch relation, but the Langford and Cohen one, due to the nanoscale of the bainitic plates. Another important strengthening parameter is the dislocation density.
On the other hand, the yield strength of austenite alone, YSγ, can be described as a function of the alloying content in solid solution and the temperature as [38, 40, 41] : 
where T (K) is the temperature and γ i w , the content in wt % of the element i in solid solution in austenite.
Considering the whole microstructure, the yield strength (YS) has been found to be mainly controlled by the amount and scale of the bainitic ferrite [10, 42] . In this sense, the yield strength correlates well with the ratio Vα/tα see Figure 3) where Vα is the volume fraction of ferrite and tα the mean bainitic plate thickness (tα is Lα after stereological correction [43, 44] ). The higher the fraction of thinner bainitic ferrite plates, the higher the yield strength, which suggests that bainitic ferrite is the Figure 2 . Engineering tensile strain-stress curves of two nanostructured bainite samples from different steels, both containing 1C-1.5Si wt %, but steel in (a) having 2Mn wt % and steel in (b) having 0.9Mn-2.6Ni wt % instead. Adapted from reference [37] .
The yield strength of ferrite alone, YS α , is function of several parameters, summarized in the following expression [3, 38, 39] :
where σ Fe is the strength of pure annealed Fe; σ i ss is the solid solution strengthening due to the alloying element i; σ c is the solid solution strengthening due to the C; L α [µm] is the mean intercept line of the ferrite plate measured in a direction normal to the plate length; k p is a constant; Ω the distance between a carbide particle and the nearest two or three neighbors; and d the dislocation density.
In the case of bainitic ferrite, the main parameter influencing its strength, directly and indirectly, is the C content. The direct effect is accounted for by the term σ c in Equation (1), i.e., the strengthening of the phase by C in solid solution. The indirect effect is the refinement of the microstructure thanks to the decrease of treatment temperatures leading to nanostructured bainite. The low temperatures of bainitic transformation for nanostructured bainite are mainly a consequence of the high C contents of these steels. The term 115L −1 α measures the strengthening due to this refinement of the bainitic ferrite plates. This is not the traditional Hall-Petch relation, but the Langford and Cohen one, due to the nanoscale of the bainitic plates. Another important strengthening parameter is the dislocation density.
On the other hand, the yield strength of austenite alone, YS γ , can be described as a function of the alloying content in solid solution and the temperature as [38, 40, 41] :
where T (K) is the temperature and w γ i , the content in wt % of the element i in solid solution in austenite. Considering the whole microstructure, the yield strength (YS) has been found to be mainly controlled by the amount and scale of the bainitic ferrite [10, 42] . In this sense, the yield strength correlates well with the ratio V α /t α see Figure 3 ) where V α is the volume fraction of ferrite and t α the mean bainitic plate thickness (t α is L α after stereological correction [43, 44] ). The higher the fraction of thinner bainitic ferrite plates, the higher the yield strength, which suggests that bainitic ferrite is the hardest phase, while the retained austenite is the softest one. Lan et al. [45] also showed by means of nano-indentation that the nanohardness of thin bainitic ferrite plates in the nanostructured steel exceeds that of the retained austenite. The ultimate tensile strength (UTS) seems less sensitive to the same parameter, V α /t α , than YS. According to Figure 3 , low YS values allow the material to work-harden when plastically deformed, increasing the UTS/YS ratio.
As opposed to the yield strength, the mechanisms underlying the enhancement of ductility are far from being understood, and are addressed in the following sections. As opposed to the yield strength, the mechanisms underlying the enhancement of ductility are far from being understood, and are addressed in the following sections.
General Considerations on Ductility
As a general rule, a high ductility can be achieved by both the work-hardening capability of the material and its damage resistance [46] . On one hand, the work-hardening is responsible of the delay of necking formation, which contributes to retard the plastic instability and thus, increase the uniform elongation (eu). On the other hand, the damage resistance, which depends on the fracture mode, is key in controlling the total elongation (et) of the material. Both issues are detailed below, where the behaviors of other microstructures with certain similarities to nanostructured bainite are reviewed.
General Considerations on Work-Hardening
As mentioned, strength and uniform elongation are rivaling properties, i.e., it is very difficult to increase the stress level that can be sustained by a material without reducing its resistance to the localization of deformation [47] . However, a high work-hardening rate, i.e., the increase of stress for an increase of strain, brings about high values of both UTS and eu, from moderate values of YS. It is well known that steels containing retained austenite can transform into martensite when mechanically loaded. The efficiency of the martensitic transformation as a deformation mechanism enhancing the work-hardening rate is expressed by the concept of transformation induced plasticity (TRIP) effect [47, 48] . Conventional TRIP-aided steels take advantage of such mechanically induced transformation, skillfully combining several mechanisms of strengthening and softening. These microstructures consist of a soft matrix of polygonal ferrite and dispersed small martensite-austenite grains. In some cases, a dispersed microconstituent, e.g., bainite, consisting of bainitic ferrite plus retained austenite is also present. In conventional TRIP-aided steels, two work-hardening mechanisms can effectively be argued [49] : the TRIP effect and the composite-like nature of their microstructures. 
General Considerations on Ductility
As a general rule, a high ductility can be achieved by both the work-hardening capability of the material and its damage resistance [46] . On one hand, the work-hardening is responsible of the delay of necking formation, which contributes to retard the plastic instability and thus, increase the uniform elongation (e u ). On the other hand, the damage resistance, which depends on the fracture mode, is key in controlling the total elongation (e t ) of the material. Both issues are detailed below, where the behaviors of other microstructures with certain similarities to nanostructured bainite are reviewed.
General Considerations on Work-Hardening
As mentioned, strength and uniform elongation are rivaling properties, i.e., it is very difficult to increase the stress level that can be sustained by a material without reducing its resistance to the localization of deformation [47] . However, a high work-hardening rate, i.e., the increase of stress for an increase of strain, brings about high values of both UTS and e u , from moderate values of YS. It is well known that steels containing retained austenite can transform into martensite when mechanically loaded. The efficiency of the martensitic transformation as a deformation mechanism enhancing the work-hardening rate is expressed by the concept of transformation induced plasticity (TRIP) effect [47, 48] . Conventional TRIP-aided steels take advantage of such mechanically induced transformation, skillfully combining several mechanisms of strengthening and softening. These microstructures consist of a soft matrix of polygonal ferrite and dispersed small martensite-austenite grains. In some cases, a dispersed microconstituent, e.g., bainite, consisting of bainitic ferrite plus retained austenite is also present. In conventional TRIP-aided steels, two work-hardening mechanisms can effectively be argued [49] : the TRIP effect and the composite-like nature of their microstructures.
The TRIP effect includes the shape and volume changes accompanying the transformation of austenite to martensite, which generate local plasticity in the surrounding ferrite grains [50] . However, the associated increase of the dislocation density cannot entirely explain the high work-hardening levels exhibited by the TRIP-aided steels. The composite nature of the microstructures cannot be neglected. The large variability of mechanical properties between the phases results in stress and strain partitioning during loading [33, 34] . Hence, in conventional TRIP-aided steels, an important contribution to the strengthening comes from the fact that there is an evolving composite microstructure, in which a hard phase, martensite, is progressively added upon deformation. Since the proportions of austenite and martensite continuously change during straining, the mechanical partitioning between phases also becomes modified. The macroscopic stress-strain response is therefore a complex coupling of different phenomena taking place upon deformation.
As a result of these mechanisms, in conventional TRIP-steels, the best strength-ductility balance is known to occur when there is a progressive martensitic transformation during the deformation process. See in Figure 4 two examples of typical true stress-strain curves of TRIP aided-steels. The effective TRIP effect produces a long elongation, at which a high strength level is also achieved [47] . The TRIP effect includes the shape and volume changes accompanying the transformation of austenite to martensite, which generate local plasticity in the surrounding ferrite grains [50] . However, the associated increase of the dislocation density cannot entirely explain the high workhardening levels exhibited by the TRIP-aided steels. The composite nature of the microstructures cannot be neglected. The large variability of mechanical properties between the phases results in stress and strain partitioning during loading [33, 34] . Hence, in conventional TRIP-aided steels, an important contribution to the strengthening comes from the fact that there is an evolving composite microstructure, in which a hard phase, martensite, is progressively added upon deformation. Since the proportions of austenite and martensite continuously change during straining, the mechanical partitioning between phases also becomes modified. The macroscopic stress-strain response is therefore a complex coupling of different phenomena taking place upon deformation.
As a result of these mechanisms, in conventional TRIP-steels, the best strength-ductility balance is known to occur when there is a progressive martensitic transformation during the deformation process. See in Figure 4 two examples of typical true stress-strain curves of TRIP aided-steels. The effective TRIP effect produces a long elongation, at which a high strength level is also achieved [47] . It is well known that in bainitic steels the retained austenite can transform into martensite (α′) when subjected to loading. However, as opposed to conventional TRIP steels, in bainitic steels the retained austenite is embedded in a matrix of hard bainitic ferrite, and thus the implications of the TRIP effect and the composite behavior diverge, as will be shown.
General Considerations on Fracture Mechanisms
Ductile fracture occurs normally in good quality steels (which do not contain many non-metallic inclusions) via nucleation growth and coalescence of voids. Macroscopic fracture takes place when the voids link on a large scale. If the number density of voids is large, then their mean separation is reduced and coalescence occurs rapidly, with little plastic deformation before fracture, i.e., a small overall ductility. In conventional bainitic steels, coarse cementite particles are responsible for void nucleation, following that the ductility must decrease with increasing carbide density. In bainitic steels which contain fresh (untempered) martensite, ductile void formation occurs at the hard martensite features, which undergo brittle failure allowing the voids to grow. In these cases of ductile void formation, a high work-hardening rate should result in an increase in uniform elongation (since It is well known that in bainitic steels the retained austenite can transform into martensite (α ) when subjected to loading. However, as opposed to conventional TRIP steels, in bainitic steels the retained austenite is embedded in a matrix of hard bainitic ferrite, and thus the implications of the TRIP effect and the composite behavior diverge, as will be shown.
Ductile fracture occurs normally in good quality steels (which do not contain many non-metallic inclusions) via nucleation growth and coalescence of voids. Macroscopic fracture takes place when the voids link on a large scale. If the number density of voids is large, then their mean separation is reduced and coalescence occurs rapidly, with little plastic deformation before fracture, i.e., a small overall ductility. In conventional bainitic steels, coarse cementite particles are responsible for void nucleation, following that the ductility must decrease with increasing carbide density. In bainitic steels which contain fresh (untempered) martensite, ductile void formation occurs at the hard martensite features, which undergo brittle failure allowing the voids to grow. In these cases of ductile void formation, a high work-hardening rate should result in an increase in uniform elongation (since necking instability depends on the rate of work-hardening) and thus of the ductility [3] . However, in some conventional bainitic steels it has been found that a high rate of work-hardening is not always beneficial in terms of ductility [51] . Therefore, the ductility of the material cannot be understood while only considering work-hardening.
In nanostructured bainite, as opposed to other bainitic steels, the microstructure contains retained austenite instead of coarse particles of cementite, and thus other fracture mechanisms must be involved. Even though fresh martensite is absent, the earlier mechanically-assisted martensitic transformation of austenite features might play a role. In TRIP-assisted steels, the crack development and the fracture mode are a consequence of the mechanical incompatibility between the phases and/or an ineffective TRIP contribution [46] . The distribution of austenite is relevant, since it is related to the micro-crack connection of the failed features [52] .
Work-hardening and fracture analyses of nanostructured bainite are described in the next two sections. In the following, the threefold relationship between the retained austenite nature, the mechanical-partitioning between the phases, and the ductility in nanostructured bainite are addressed.
Ductility: Work-Hardening and Fracture Mechanisms in Nanostructured Bainite
When considering the plastic behavior of nanostructured bainite, the presence of mobile dislocations is in part responsible for the observed continuous yielding. The increase of work-hardening, calculated as the ratio between the measured UTS and the YS, does not result in the enhancement of the uniform elongation (e u ), see Figure 5a , with data from reference [53] . This phenomenon in nanostructured bainite is opposed to the typical trend in other steels, as shown previously in Figure 4 , where a lower YS allows the work-hardening (associated to the TRIP effect) to expand, retarding the moment (strain) at which maximum stress is reached. There is no correlation between the elongation and the strength of the material (yield strength and UTS, separately) either, as seen in Figure 5b ,c, with data from reference [53] . On the other hand, it has been reported that the samples with a high ductility present a stronger damage resistance [54] . This can be evaluated with another parameter, UTS·e t , , which is a measure of the toughness, as in Figure 5d , with data from reference [53] , where the correlation is confirmed. The significant presence of film-like austenite features is thought to be in part responsible for that phenomenon [55, 56] . It resembles the behavior of martensitic microstructures containing "reverted austenite" (newly formed austenite from martensite after annealing), where their nanolaminate morphology has been reported to show a great ability to arrest cracks during tensile testing, enhancing the damage resistance of the material [46] .
A sensitive study of the work hardening behavior is normally achieved by the incremental work-hardening exponent, n, defined as n = d(lnσ)/d(lnε p ), where σ = k(ε p ) n represents the flow curve in the region of uniform true plastic strain and k is the strength coefficient [57] . An example of one steel isothermally treated at three different temperatures is shown in Figure 6 . The straight line in Figure 6 represents the Considere's equation, ε p = n; i.e., when the curves cross the straight line, the localization of the yielding starts and thus plastic deformation leaves the uniform region. Nanostructured bainite obtained at a lower treatment temperature presents a very high increase of the hardening rate. Then, a rapid decrease in n takes place, at a strain of 2% approx. The high initial work-hardening could be expected to be positive in terms of uniform elongation values, since the potential starting point for plastic instability is delayed (straight dotted line in Figure 6 ). However, the microstructures obtained at the lowest treatment temperature are unable to take advantage of this initial work-hardening as tensile specimens fail long before n can equal the true plastic strain. The best performance on ductility is found for the microstructures treated at the highest temperatures, which in general show a moderate initial work-hardening which is more sustained along the deformation process. It is also possible that within the uniform elongation regime another stage appears, in which the incremental work-hardening exponent changes its trend and starts to increase continuously. Such a behavior can have a remarkable effect on the improvement of the ductility, by retarding the necking formation, as can be observed in the 300 • C curve in Figure 6 . Regarding the fracture analyses of the tensile-tests of nanostructured bainite, Figure 7 , tear ridges are revealed, which converge at a unique site within the specimen section, closer or further from its center, but beneath the surface, ruling out influence of the machining process. There are always signs of intermixed fracture mechanisms, both ductile and brittle: voids, cleavage facets and intergranular fracture at prior austenite grain (PAG) boundaries [54] , Figure 7 . Cracks in low-ductility tensile specimens have not been found to originate at inclusions or coarse precipitates, but there seems to be a prevalence of fragile fracture, from the observation of large extensions of PAG boundaries on the fracture surface (as in Figure 7c , corresponding to a microstructure with a total elongation of 7%) [54] . In quenching and partitioning (Q&P) steels, which consist of a matrix of tempered martensite plus C-enriched retained austenite, it has been reported that the transformation of retained austenite into high-C martensite may lead to the decohesion of PAG boundaries. However, in this case, dimple fracture at the PAG boundaries has also been observed [58] , as opposed to the fragile failure at the nucleation stage observed in nanostructured bainite. In TRIP-assisted steels, on the other hand, it is known that the mechanical stability of the austenite is a critical factor on crack propagation, since the brittle martensite increases the susceptibility to hydrogen embrittlement [59] [60] [61] [62] Figure 6 . The straight line in Figure  6 represents the Considere´s equation, p = n; i.e., when the curves cross the straight line, the localization of the yielding starts and thus plastic deformation leaves the uniform region. Nanostructured bainite obtained at a lower treatment temperature presents a very high increase of the hardening rate. Then, a rapid decrease in n takes place, at a strain of 2% approx. The high initial work-hardening could be expected to be positive in terms of uniform elongation values, since the potential starting point for plastic instability is delayed (straight dotted line in Figure 6 ). However, the microstructures obtained at the lowest treatment temperature are unable to take advantage of this initial work-hardening as tensile specimens fail long before n can equal the true plastic strain. The best performance on ductility is found for the microstructures treated at the highest temperatures, which in general show a moderate initial work-hardening which is more sustained along the deformation process. It is also possible that within the uniform elongation regime another stage appears, in which the incremental work-hardening exponent changes its trend and starts to increase continuously. Such a behavior can have a remarkable effect on the improvement of the ductility, by retarding the necking formation, as can be observed in the 300 °C curve in Figure 6 . Regarding the fracture analyses of the tensile-tests of nanostructured bainite, Figure 7 , tear ridges are revealed, which converge at a unique site within the specimen section, closer or further from its center, but beneath the surface, ruling out influence of the machining process. There are always signs of intermixed fracture mechanisms, both ductile and brittle: voids, cleavage facets and intergranular fracture at prior austenite grain (PAG) boundaries [54] , Figure 7 . Cracks in low-ductility tensile specimens have not been found to originate at inclusions or coarse precipitates, but there seems to be a prevalence of fragile fracture, from the observation of large extensions of PAG boundaries on the fracture surface (as in Figure 7c , corresponding to a microstructure with a total elongation of 7%) [54] . In quenching and partitioning (Q&P) steels, which consist of a matrix of tempered martensite plus C-enriched retained austenite, it has been reported that the transformation of retained austenite into high-C martensite may lead to the decohesion of PAG boundaries. However, in this case, dimple fracture at the PAG boundaries has also been observed [58] , as opposed Figure 6 . Evolution of the incremental work-hardening exponent, n, as a function of the true plastic strain, of three nanobainitic structures treated from the same steel treated at three different temperatures, 200, 250, and 300 • C. Adapted from reference [57] . to the fragile failure at the nucleation stage observed in nanostructured bainite. In TRIP-assisted steels, on the other hand, it is known that the mechanical stability of the austenite is a critical factor on crack propagation, since the brittle martensite increases the susceptibility to hydrogen embrittlement [59] [60] [61] [62] .
Ductility and Retained Austenite Content
Ultra-fine bainitic microstructures have been already analyzed as a function of the initial fraction of retained austenite, which was changed by altering the degree of isothermal bainitic transformation [56] . These results showed that increasing the initial austenite volume fraction up to an optimum value improves the uniform elongation towards the value of total elongation (which is also enhanced). Other studies on bainitic steels, in which the initial austenite volume fraction had been changed by tuning the bainitic transformation temperature, also resulted in the same trend: the higher the fraction of austenite, the higher the uniform and total elongations. In this case, the mechanical stability of the austenite resulted in being of little importance [63] . Studies on bainitic steels containing retained austenite revealed that an increase of the initial austenite content above an optimum value reduces the total elongation below the expected uniform elongation [56] . Results from reference [57] showed a total elongation proportional to the initial volume fraction of austenite in nanostructured bainite. In this case, fracture presumably takes place when the austenite content decreases down to a critical value, measured at fracture, close to 10% [64] . This value is thought to be the percolation limit, above which austenite maintains a continuous path through the test sample. It suggested that the formation of hard martensite cannot be tolerated if the 
Ultra-fine bainitic microstructures have been already analyzed as a function of the initial fraction of retained austenite, which was changed by altering the degree of isothermal bainitic transformation [56] . These results showed that increasing the initial austenite volume fraction up to an optimum value improves the uniform elongation towards the value of total elongation (which is also enhanced). Other studies on bainitic steels, in which the initial austenite volume fraction had been changed by tuning the bainitic transformation temperature, also resulted in the same trend: the higher the fraction of austenite, the higher the uniform and total elongations. In this case, the mechanical stability of the austenite resulted in being of little importance [63] .
Studies on bainitic steels containing retained austenite revealed that an increase of the initial austenite content above an optimum value reduces the total elongation below the expected uniform elongation [56] . Results from reference [57] showed a total elongation proportional to the initial volume fraction of austenite in nanostructured bainite. In this case, fracture presumably takes place when the austenite content decreases down to a critical value, measured at fracture, close to 10% [64] . This value is thought to be the percolation limit, above which austenite maintains a continuous path through the test sample. It suggested that the formation of hard martensite cannot be tolerated if the austenite volume fraction decreases below the percolation limit, 10%, leading to fracture [64, 65] .
A recent work [9, 42] on a large set of nanobainitic structures from different steels and heat treatments clearly revealed that there is no overall correlation between the initial austenite content and either the uniform elongation or the total elongation, Figure 8 . A recent work [9, 42] on a large set of nanobainitic structures from different steels and heat treatments clearly revealed that there is no overall correlation between the initial austenite content and either the uniform elongation or the total elongation, Figure 8 .
The possible existence of an optimum level of stability of austenite against mechanically induced martensitic transformation, in terms of ductility has also been studied. In one study, highly stable retained austenite resulted in being detrimental for the total elongation [57] , whereas in another study, an increase of the austenite stability did contribute to enhance the ductility [9] . Given the lack of agreement on the effect of the mechanically-induced martensitic transformation on the ductility in nanostructured bainite, in a recent work [53, 66] intended to elucidate it, the evolution of the retained austenite content, measured by means of XRD, was tracked as a function of the deformation after interrupted tensile tests (even beyond the uniform elongation) for different initial microstructures. It has been well established that the retained austenite fraction evolution with the plastic strain, ε, follows this exponential law [27, 36, 67, 68] :
where ε is the true plastic strain at the uniform elongation region of the tensile test; 0 γ VF is the initial volume fraction of austenite at zero strain; VFγ is the volume fraction of austenite at a strain ε, and K is a fitting parameter that depends upon the material and the test temperature in the tensile test. This parameter K reflects the stability of the retained austenite: the higher the value, the greater the quantity of retained austenite is destabilized for a given increase in plastic strain. Such an analysis was applied to the data obtained from interrupted tensile tests, performed at room temperature, in the mentioned work [53, 66] where K was calculated for each condition using linear regression, see an example in Figure 9 . In Figure 10 , K values thus obtained and below 0.2 are plotted versus the tensile elongation of the corresponding sample, revealing that a reduced The possible existence of an optimum level of stability of austenite against mechanically induced martensitic transformation, in terms of ductility has also been studied. In one study, highly stable retained austenite resulted in being detrimental for the total elongation [57] , whereas in another study, an increase of the austenite stability did contribute to enhance the ductility [9] .
Given the lack of agreement on the effect of the mechanically-induced martensitic transformation on the ductility in nanostructured bainite, in a recent work [53, 66] intended to elucidate it, the evolution of the retained austenite content, measured by means of XRD, was tracked as a function of the deformation after interrupted tensile tests (even beyond the uniform elongation) for different initial microstructures. It has been well established that the retained austenite fraction evolution with the plastic strain, ε, follows this exponential law [27, 36, 67, 68] :
where ε is the true plastic strain at the uniform elongation region of the tensile test; VF 0 γ is the initial volume fraction of austenite at zero strain; VF γ is the volume fraction of austenite at a strain ε, and K is a fitting parameter that depends upon the material and the test temperature in the tensile test. This parameter K reflects the stability of the retained austenite: the higher the value, the greater the quantity of retained austenite is destabilized for a given increase in plastic strain.
Such an analysis was applied to the data obtained from interrupted tensile tests, performed at room temperature, in the mentioned work [53, 66] where K was calculated for each condition using linear regression, see an example in Figure 9 . In Figure 10 , K values thus obtained and below 0.2 are plotted versus the tensile elongation of the corresponding sample, revealing that a reduced mechanically-induced martensitic transformation favors performance in terms of ductility. For values of K equal or higher than 0.2 (not plotted), this tendency disappeared, the elongation reaching a lower value, between 2% and 4%. In these cases, the presence of a brittle fracture was clear, the samples failing within the macroscopic uniform elongation, at their highest recorded stress. The concept of percolation limit failed to apply in that work, i.e., no lower limit of austenite content, below which crack propagation until fracture cannot be avoided, was found. Results in Figure 10 are in good agreement with those given by another study [69] in which two samples subjected to interrupted tensile tests were analyzed by neutron diffraction. In the mentioned work, the two nanobainitic structures were obtained from the same alloy, after isothermal treatment each at a different temperature, 200 °C and 300 °C, whose duration was tailored in order to obtain the same initial austenite content, 35%. The sample treated at the highest temperature did not present mechanically-induced martensitic transformation, and its uniform elongation was outstanding, 10%, in comparison to the sample treated at 200 °C, which fractured at a plastic strain of 2%, Figure 11 . For the low-ductility sample, the austenite content strongly decreased with deformation, which resulted in an important crystal texture formation, due to the high sensitivity of the martensitic transformation to the crystal orientation. The texture formation is illustrated in Figure 12 , where the maximum and minimum values of the orientation distribution function (ODF) intensity are plotted as a function of the plastic strain. In the case of the high-ductility sample, the texture evolution, although lower, was not negligible. This fact revealed the occurrence of plastic crystal rotation of both austenite and bainitic ferrite, which suggests that this deformation mechanism can be behind the beneficial workhardening behavior of the ductile samples, explained previously. That is, the martensitic transformation does not seem to be responsible of the rise of the incremental work-hardening exponent, n, that effectively delays the necking as was observed in Figure 6 . Figure 9 . Evolution of the content of transformed retained austenite for the same steel subjected to different heat treatments: bainitic treatment at 220 • C or at 250 • C. The slope of the lines is K, the fitting parameter of Equation (3) . Adapted from references [53, 66] .
Results in Figure 10 are in good agreement with those given by another study [69] in which two samples subjected to interrupted tensile tests were analyzed by neutron diffraction. In the mentioned work, the two nanobainitic structures were obtained from the same alloy, after isothermal treatment each at a different temperature, 200 • C and 300 • C, whose duration was tailored in order to obtain the same initial austenite content, 35%. The sample treated at the highest temperature did not present mechanically-induced martensitic transformation, and its uniform elongation was outstanding, 10%, in comparison to the sample treated at 200 • C, which fractured at a plastic strain of 2%, Figure 11 . For the low-ductility sample, the austenite content strongly decreased with deformation, which resulted in an important crystal texture formation, due to the high sensitivity of the martensitic transformation to the crystal orientation. The texture formation is illustrated in Figure 12 , where the maximum and minimum values of the orientation distribution function (ODF) intensity are plotted as a function of the plastic strain. In the case of the high-ductility sample, the texture evolution, although lower, was not negligible. This fact revealed the occurrence of plastic crystal rotation of both austenite and bainitic ferrite, which suggests that this deformation mechanism can be behind the beneficial work-hardening behavior of the ductile samples, explained previously. That is, the martensitic transformation does not seem to be responsible of the rise of the incremental work-hardening exponent, n, that effectively delays the necking as was observed in Figure 6 . (3), for different nanobainitic structures, from steel containing 0.6 and 1 C wt %. Adapted from references [53, 66] . There is no doubt that the role of retained austenite is a topic of paramount concern. However, changes in the initial fraction of retained austenite and its stability cannot be easily made without altering other factors. In this sense, the coupling between plasticity and the mechanically induced transformation is complex, often without a clear distinction between cause and effect [70] . As already seen, there seems to be a correlation between plastic strain and the austenite fraction evolution, but Figure 11 . Evolution of austenite content, measured by neutron diffraction, as a function of the plastic strain during a tensile test, for two nanobainitic structures from the same steel after customized isothermal treatments at 200 and 300 • C. Adapted from reference [69] . There is no doubt that the role of retained austenite is a topic of paramount concern. However, changes in the initial fraction of retained austenite and its stability cannot be easily made without altering other factors. In this sense, the coupling between plasticity and the mechanically induced transformation is complex, often without a clear distinction between cause and effect [70] . As already seen, there seems to be a correlation between plastic strain and the austenite fraction evolution, but Figure 12 . Evolution of the minimum and maximum orientation distribution function (ODF) intensity values of bcc (bct) and fcc phases, analysed by neutron diffraction, as a function of the plastic strain during a tensile test, for two nanobainitic structures from the same steel after customized isothermal treatments at 200 and 300 • C. Adapted from reference [69] .
There is no doubt that the role of retained austenite is a topic of paramount concern. However, changes in the initial fraction of retained austenite and its stability cannot be easily made without altering other factors. In this sense, the coupling between plasticity and the mechanically induced transformation is complex, often without a clear distinction between cause and effect [70] . As already seen, there seems to be a correlation between plastic strain and the austenite fraction evolution, but it is not straightforward to know the extent at which the austenite evolution occurs as a consequence of the stress-strain behavior, or how instead this transformation affects the work hardening. In addition, Equation (3) is an empirical law which does not necessarily imply that the plastic deformation governs the austenite evolution, that is, stress-assisted martensitic transformation cannot be ruled out.
In the next section, stress-assisted conditions will be assumed, and experimental results on austenite evolution, considering the fraction and feature size/shape, will be discussed in terms of the mechanical partitioning between the phases of the composite.
Retained Austenite Evolution and Mechanical Partitioning
It is well known that martensitic transformation starts on cooling when the temperature gets below the M s . The M s is calculated as the temperature at which the following condition holds true:
where ∆G γ→α stands for the free energy change accompanying the martensitic transformation; and ∆G crit is the minimum driving force needed to stimulate martensite by an athermal diffusionless nucleation and growth mechanism, which on cooling equals G α N [3, 71] . Using the concept of M s , the mechanically-induced martensitic transformation under stress-assisted conditions can be understood as a similar process. The effect of external stress is to increase M s , by modifying ∆G γ→α , which now includes a mechanical component. Therefore, the martensitic transformation begins in this case when the test-temperature is overcome by the growing M s . It is possible to calculate the M s temperature accounting for the effect of the applied stress, the orientation of the austenite crystal relative to the tensile direction, and also the parameters intrinsic to the austenite, i.e., its C content and size, following the methodology described in references [24, 72] . In Figure 13 , the straight lines indicate the M s theoretical values as a function of the external mechanical tensile stress. The following conditions were assumed for the M s calculation:
(1) The most favorable orientation of the austenite crystal with the applied stress. (2) Two austenite C contents, 0.6 and 1 wt %. This covers a range of concentrations in good agreement with the values detected by XRD for the nanobainitic structures examined in the mentioned reference [54] .
N . This is the necessary condition for stress-assisted martensitic transformation, which represents its similarity to the martensitic transformation on cooling.
The results are in line with the effects just described: the smaller and richer-in-C the austenite is, the lower the M s temperature, i.e., the more stable the austenite is. As for the applied stress, the tendency implies that increasing the applied stress raises the M s temperature, facilitating the transformation of austenite into martensite, as explained.
In the work described in reference [54] , nanostructured bainite was tensile tested until fracture and cross-sections from the tensile specimens were extracted for further examination through transmission electron microscopy (TEM), in order to detect remaining austenite features and/or mechanically formed martensite features. Each cross-section of the tensile specimens had a different level of deformation and had been subjected to a different maximum tensile stress value, contained within the range marked by the dashed lines in Figure 13 . The high theoretical values of M s for those stresses predicted total martensitic transformation, however, TEM examination revealed the presence of fine austenite features.
These results suggest that the mechanical partitioning, in this case stress partitioning, among the phases, cannot be neglected. The bainitic ferrite matrix seems to be playing an important role, by shielding the stress over the retained austenite. Therefore, it is inaccurate to assume that the retained austenite is subjected to the overall stress instead of a lower value. Figure 13 . Theoretical values of Ms (solid lines) as a function of the retained austenite C content, the austenite feature size, and the overall tensile stress, for the steel described in reference [54] . The dashed lines delimit the experimental tensile stresses over the TEM-analyzed cross sections. Adapted from reference [54] .
The same idea of stress-partitioning is suggested by reference [73] , after evaluation of the austenite fraction evolution with stress. In this work, the austenite content from different nanobainitic structures was measured by XRD after interrupted tensile tests, within the uniform elongation, and plotted against the corresponding true stress values. The austenite fraction evolution was modelled according to a modified version of the well-known Koistinen-Marburger law, using again the concept of Ms, but now by taking into account the polycrystalline nature of the material. For one of the steels, treated at two different temperatures, the results are shown in Figure 14 . In all cases, the evolution of austenite as a function of stress is expected to take place at a higher or equal rate as it actually does, pointing again to a shielding effect by the bainitic ferrite. Moreover, when comparing samples from the same steel, treated at two transformation temperatures, the microstructures treated at the highest temperatures have a martensitic transformation behavior closer to theory, i.e., the austenite seems to withstand a stress value more similar to the macroscopically-measured true stress. Figure 13 . Theoretical values of M s (solid lines) as a function of the retained austenite C content, the austenite feature size, and the overall tensile stress, for the steel described in reference [54] . The dashed lines delimit the experimental tensile stresses over the TEM-analyzed cross sections. Adapted from reference [54] .
The same idea of stress-partitioning is suggested by reference [73] , after evaluation of the austenite fraction evolution with stress. In this work, the austenite content from different nanobainitic structures was measured by XRD after interrupted tensile tests, within the uniform elongation, and plotted against the corresponding true stress values. The austenite fraction evolution was modelled according to a modified version of the well-known Koistinen-Marburger law, using again the concept of M s , but now by taking into account the polycrystalline nature of the material. For one of the steels, treated at two different temperatures, the results are shown in Figure 14 . In all cases, the evolution of austenite as a function of stress is expected to take place at a higher or equal rate as it actually does, pointing again to a shielding effect by the bainitic ferrite. Moreover, when comparing samples from the same steel, treated at two transformation temperatures, the microstructures treated at the highest temperatures have a martensitic transformation behavior closer to theory, i.e., the austenite seems to withstand a stress value more similar to the macroscopically-measured true stress. treated at two different temperatures, the results are shown in Figure 14 . In all cases, the evolution of austenite as a function of stress is expected to take place at a higher or equal rate as it actually does, pointing again to a shielding effect by the bainitic ferrite. Moreover, when comparing samples from the same steel, treated at two transformation temperatures, the microstructures treated at the highest temperatures have a martensitic transformation behavior closer to theory, i.e., the austenite seems to withstand a stress value more similar to the macroscopically-measured true stress. 
Mechanical Mismatch of Phases and Ductility
A general tendency observed on the effect of the heat treatment settings on the ductility of every steel is that the increase of the transformation temperature results in enhancement of the total elongation [53] . The duration of the isothermal holding, however, is not always beneficial. In some cases, the extension of the isothermal treatment beyond the purely necessary for the bainitic transformation, increased total elongation from a value of 7% to a value of 13%, even though no refinement of the austenite took place. In other cases, the ductility was found to slightly increase or even strongly decrease as the treatment was extended [53] .
It has been suggested that a small mechanical mismatch between the phases in samples treated at high temperatures can be the reason behind improved ductility [54, 73] . In other words, there seems to be, on one hand, a tendency to reduce the strength of the bainitic ferrite as the treatment temperature increases which can be justified by its lower C content and the decrease of defect content. On the other hand, the higher observed C content of retained austenite as the treatment temperature increases might contribute to enhance its strength, which becomes closer to the bainitic ferrite values or even exceed them. In order to confirm that possibility, local mechanical measurements in the phases present in the initial microstructure were performed by means of AFM (atomic force microscopy)-based nano-indentation, as shown in Figure 15 [15] , where the phase indentation, either a plate of bainitic ferrite or an austenite feature, is clearly identified. 
It has been suggested that a small mechanical mismatch between the phases in samples treated at high temperatures can be the reason behind improved ductility [54, 73] . In other words, there seems to be, on one hand, a tendency to reduce the strength of the bainitic ferrite as the treatment temperature increases which can be justified by its lower C content and the decrease of defect content. On the other hand, the higher observed C content of retained austenite as the treatment temperature increases might contribute to enhance its strength, which becomes closer to the bainitic ferrite values or even exceed them. In order to confirm that possibility, local mechanical measurements in the phases present in the initial microstructure were performed by means of AFM (atomic force microscopy)-based nano-indentation, as shown in Figure 15 [15] , where the phase indentation, either a plate of bainitic ferrite or an austenite feature, is clearly identified. Figure 15 . Atomic force microscopy (AFM) image showing previously performed indentations in either bainitic ferrite or austenite, in a nanobainitic structure treated at 300 °C, described in reference [15] .
Results suggest that the possible differences in mechanical properties between bainitic ferrite and retained austenite dissipate if the steel has been treated at a temperature high enough, in this work, 350 °C. This important observation comes from the force values at which the loading curves start to diverge from the elastic regime, fitted to the Hertzian solution, Figure 16 . Figure 15 . Atomic force microscopy (AFM) image showing previously performed indentations in either bainitic ferrite or austenite, in a nanobainitic structure treated at 300 • C, described in reference [15] .
Results suggest that the possible differences in mechanical properties between bainitic ferrite and retained austenite dissipate if the steel has been treated at a temperature high enough, in this work, 350 • C. This important observation comes from the force values at which the loading curves start to diverge from the elastic regime, fitted to the Hertzian solution, Figure 16 . Figure 16 . Approach force curves obtained by AFM-based nano-indentation in either bainitic ferrite or austenite, in a nanobainitic structure treated at 300 °C, described in reference [15] .
Conclusions
In nanostructured bainite the ductility is generally improved by increasing the bainitic treatment temperature. The total elongation of nanostructured bainite is enhanced by taking advantage of two phenomena: moderate work-hardening (measured as the incremental work-hardening rate) and higher damage resistance. In samples presenting lower values of ductility, however, high stresses trigger brittle fracture of the material even long before plastic instability is predicted. In some positive cases, the increase of the incremental work-hardening rate at the latter stages of the uniform deformation region increases the uniform elongation by delay of the necking formation.
According to the latest works, there is no correlation between the initial volume fraction of austenite and the ductility. However, a large amount of unstable austenite is not appropriate in terms of total elongation. Instead, a highly stable austenite, unable to undergo mechanically-induced martensitic transformation, or implying a low rate of this transformation, is more beneficial.
The reduction of the mechanical mismatch between austenite and bainitic ferrite seems to be the reason behind the better performance of samples treated at higher temperature, i.e., a more Cenriched retained austenite embedded in a more recovered bainitic ferrite can minimize the mechanical partitioning between these phases, leading to enhanced ductility. 
The reduction of the mechanical mismatch between austenite and bainitic ferrite seems to be the reason behind the better performance of samples treated at higher temperature, i.e., a more C-enriched retained austenite embedded in a more recovered bainitic ferrite can minimize the mechanical partitioning between these phases, leading to enhanced ductility.
